A self-synthesized HQ-8 resin was prepared using a O/W suspension polymerization technique and employed as a potential adsorbent for the removal of acid soluble lignin (ASL) from rice straw hydrolysate (RSH). The structure and morphology of the HQ-8 resin before and after the adsorption of ASL were characterized by Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM) and nitrogen adsorption-desorption isotherms. A series of adsorption conditions such as pH value, adsorbent dose, initial concentration, and temperature were systematically investigated to obtain the optimum process parameters. Within the studied range of ASL concentrations, the adsorption equilibrium was found to follow the Freundlich isotherm model well, with R 2 > 0.988. The rate of ASL adsorption onto the HQ-8 resin was very quick, and equilibrium was reached within 50 min of contact.
Introduction
Growing concerns over environmental pollution and the depletion of fossil resources have spurred global interest in searching for an alternative source of energy from a renewable source to produce fuels and high value-added chemicals.
1,2 In recent years, lignocellulose agricultural waste has become a potential carbon source to generate biofuels, because it possesses characteristics of abundance, low cost and high sugar content, and it also does not compete with human food resources. [3] [4] [5] In China, rice straw is one of the most abundant agricultural wastes and is oen abandoned in elds or burned, resulting in a huge waste of resources and serious environmental pollution. 6 A better approach to deal with rice straw is to convert them into biofuels by pretreatment, hydrolysis and fermentation techniques.
To date, several hydrolysis methods in terms of chemical hydrolysis, dilute acid hydrolysis, concentrated acid hydrolysis, enzymatic hydrolysis, as well as ionic liquid were applied to convert lignocellulose materials to simple sugars. 7 Among these methods, dilute acid hydrolysis is the most commonly applied method for producing sugars from lignocellulose in industrial application due to it has lower cost and faster hydrolysis rate than enzyme hydrolysis. 8 However, dilute acid hydrolysis of lignocellulose materials not only produces fermentable reducing sugars but also generates a series of toxic compounds, such as lignin degradation products, and compounds derived from lignocellulose structure, which are toxic to the fermentation microorganisms and strongly interfere with fermentation efficiency. [9] [10] [11] Compared with other inhibitors, acid soluble lignin (ASL) mostly as phenolic compounds of low molar mass has stronger toxic effect on microorganisms and remains in the hydrolysate. [12] [13] [14] Furthermore, rice straws possess high lignin content, 15 therefore, rice straw hydrolysate need to be detoxicated to remove ASL before fermentation.
Recently, different detoxication methods and technologies have been used for removal of ASL from actual biomass hydrolysate, including overliming, 16 bio-occulants, 17 electrochemical 18 and adsorption. [19] [20] [21] Among these methods, adsorption has received major concern due to the signicant advantages such as low cost, environmentally friendly, high efficiency and energy-saving. Generally, activated carbon, anionexchange resin and adsorption resin are commonly adsorbents have been used for remove of phenolic compounds from aqueous solution or actual biomass hydrolysate. [19] [20] [21] However, detoxication biomass hydrolysate by activated carbon for industrial scale application is limited due to its relatively expensive, low selectivity and difficult regeneration and reuse. Although ion-exchange adsorption is regarded as an effective method for phenolic compounds removal, the most prominent shortcoming is that it is inevitable to use a large amount of acid and alkali in the pretreatment and desorption processes, which increases the cost of separation and produces signicant amounts of acid and alkali wastewaters.
Adsorption resins have drawn considerable attention for potential application in separation due to its unique structure and extraordinary adsorption properties. 22 Until present time, only one published work has specically focused on ASL removal from biomass hydrolysate using adsorption resin.
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However, the adsorption equilibrium and kinetics of ASL were not investigated. In this work, a novel macro/mesoporous adsorption resin was developed and used to remove ASL from rice straw hydrolysate. The structure and morphology of HQ-8 resin before and aer the adsorption of ASL was characterized by Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM) and nitrogen adsorption-desorption isotherms. The adsorption conditions such as pH value, adsorbent dose, initial concentration and temperature were investigated in detail. The adsorption isotherms, kinetics and thermodynamics of ASL onto HQ-8 resin were also discussed systematically.
Material and methods

Materials
Styrene (St), benzoyl peroxide (BPO), poly vinyl alcohol (PVA) (87-89% hydrolyzed, average M w 124-186 kg mol À1 ), toluene, methylene blue and liquid paraffin were purchased from Sinopharm Chemical Reagent Co., Ltd., China. Divinyl benzene (63% mixture of isomers remaining ethyl vinyl benzene) was purchased from ZiAn Chemical Co., Ltd., Jinan, China. All materials used in the present study without further purication. Rice straw was collected from local farmer (Huaian, China). The crude composition of rice straw has been reported to be moisture: 15-18%; cellulose: 41%; hemicellulose: 30%; lignin: 16%; ashes: 10-13%. The rice straw hydrolysate was kindly supplied by Zhongke New Energy Technology Co., Ltd., Huaian, China.
Methods
2.2.1 Synthesis of HQ-8 resin. HQ-8 resin was synthesized by O/W suspension polymerization technique. Aqueous solution (240 g) containing 0.6 g PVA (0.25 wt%) and few drops 1% methylene blue was transferred into a three-necked round-bottomed ask equipped with a thermometer, a mechanical stirrer, and a reux condenser, and then was heated to 323 K. Organic solution containing 0.4 g BPO, 40 g monomers (m St : m DVB ¼ 1 : 1), and 40 g pore-forming agent (m toluene : m liquid paraffin ¼ 1 : 1) was added into the ask, and then nitrogen was bubbled through the mixture for 10 min. The mixture was stirred to form a suspension of oil beads with a suitable size in an aqueous solution and then gradually heated to 353 K within 3 h. The reaction was maintained stirred at 353 K for approximately 5 h. Aer copolymerization, the copolymer beads were ltered out and washed with a large amount of hot water three times, then packed in a xed-bed column and eluted with anhydrous ethanol until the eluant is transparent when mixed with water. The resins were extracted with ethanol for 24 h in a Soxhlet to remove pore-forming agent and residual monomers, and then were washed with de-ionized water and anhydrous ethanol three times, respectively, to ensure complete removal of impurities. Finally, the resins were dried under vacuum at 333 K for 10 h.
2.2.2 Characterization. The shape and surface morphology of HQ-8 resin before and aer the adsorption of ASL was observed by a Hitachi SU70 scanning electron microscope (Hitachi, Japan) operated at 2.0 kV and 10 mA. The specic surface area, pore diameter distribution and pore volume of HQ-8 resin were determined by nitrogen adsorption-desorption isotherms at 77 K using an ASIQMO002-2 analyzer (Quantachrome, USA). Prior to the measurement, the adsorbent ($80 mg) was outgassed at 363 K for 15 h to remove the adsorbed gases and other impurities. The Fourier transform infrared (FT-IR) spectroscopy of the resin was collected on a TENSOR27 (Germany) Fourier transformed infrared instrument using KBr disks.
2.2.3 Effect of initial solution pH on ASL uptake. The effect of solution pH on the adsorption of ASL onto HQ-8 resin was investigated by equilibrating the adsorption mixture with the resin and rice straw hydrolysate at different pH values between 1 and 7. Static adsorption test was performed using 100 mL Erlenmeyer asks containing 1.0 g of resin and 50 mL hydrolysate. The conical asks were then shaken at 160 rpm in a thermostatic shaker for 3 h at 298 K. Aer equilibrium, the liquid phase was sampled with a syringe equipped with the Whatman Spartan 30/0.45 RC syringe lter (0.45 mm) to remove suspended solids. The residual ASL concentration was determined by a UV spectrophotometer, and the adsorption capacity of ASL onto the resin was calculated using the following equation:
2.2.4 Effect of adsorbent dose on the extent of removal of ASL. Different adsorbent doses (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 5.0 g) of HQ-8 resin were added into 50 mL hydrolysate in which the concentration of ASL and pH was kept original without any adjustment. The adsorption procedures were the same as described for the effect of pH on ASL uptake.
2.2.5 Adsorption isotherms. 50 mL hydrolysate with different concentrations of ASL (0.83-4.10 g L
À1
) was contacted with 1.0 g dry resin in 100 mL conical asks. The asks were continually shaken in a thermostatic shaker (160 rpm) for 3 h at temperatures of 288, 298, 308 and 318 K, respectively. Aer equilibrium was reached, the concentrations of ASL in hydrolysate were analyzed by a UV spectrophotometer. The adsorption uptakes of ASL onto the resin were calculated using eqn (1).
2.2.6 Adsorption kinetics. The adsorption kinetics curves of ASL on the HQ-8 resin were performed to evaluate the inuence of contact time, at different initial ASL concentrations (0.83, 2.06, and 4.10 g L À1 ) at various temperatures (288, 298, 318, and 338 K). In the kinetic experiments, 500 mL hydrolysate was contacted with 10 g dry resin in a three-necked ask. Then, the ask was continually shaken in a thermostat water bath with agitation at 160 rpm. Subsequently, the concentration of ASL in the adsorption solution was determined by a UV spectrophotometer at different times until the adsorption equilibrium reached. The amount of ASL on HQ-8 resin at any contact time, t, was calculated as:
2.2.7 Reusability evaluation. The regeneration and reusability experiments of HQ-8 resin for ASL was performed using 100 mL Erlenmeyer asks containing 1.0 g of ASL-loaded resin and 50 mL 95% ethanol in a thermostatic shaker (160 rpm) for 3 h at room temperature. The resins were then ltered and washed with deionized water, allowed to dry and subsequently applied for another adsorption process. The adsorption and desorption procedure was repeated several times.
2.2.8 Analytical methods. The concentrations of ASL in the rice straw hydrolysate were analyzed using the National Renewable Energy Laboratory (NREL) analytical procedures.
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The sugar concentrations (D-xylose, L-arabinose and D-glucose) in the rice straw hydrolysate were measured by high performance liquid chromatography (HPLC) as previously described.
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All the adsorption experiments in this study were carried out at least three times to ensure repeatability.
Results and discussion
Characterization
A FT-IR spectrum was performed to characterize the structure of the HQ-8 resin. For the spectrum of the unloaded resin HQ-8 ( Fig. 1(a) Fig. 1(b) ) displays a new strong band at 3442 cm À1 is attributed to the presence of -OH due to the fact that the ASL in the hydrolysates largely as phenolic compounds of low molar mass. The morphology and surface of HQ-8 resin was observed by SEM, which are demonstrated in Fig. 2 (A) and (C). As it depicted, the HQ-8 resin had a spherical form, a rough internal surface and a large number of macropores and mesopores. As showed in Fig. 2 (E), the shape of the N 2 adsorption-desorption isotherm curves of the HQ-8 resin seem to close to type IV. A well-dened capillary condensation step occurred between the P/P 0 of 0.05-0.90 with a H1-type hysteresis loop, suggested that the material possesses a uniform mesoporous structure. Moreover, the visible hysteresis loop of desorption isotherm with a relative pressure (P/ P 0 ) over 0.90 indicated that HQ-8 resin had a structure of macropores. 28 These analyses were in accordance with the pore diameter distribution in Fig. 2(F) . Furthermore, it can be seen from Fig. 2(F) that the mesoporous are the main pores for HQ-8 resin and the average pore diameter is 32 nm. The HQ-8 resins loaded with ASL were examined using SEM for morphological structure investigations. As can be seen in Fig. 2 , it is obvious that HQ-8 resin exhibits less porosity in the adsorption reached equilibrium (Fig. 2(D) ) than without adsorption (Fig. 2(C) ). This conclusion is also conrmed by surface area measurements using nitrogen adsorption-desorption isotherms, which indicate that the BET surface areas of HQ-8 resin before and aer the adsorption of ASL are 199.103 and 58.907 m 2 g
À1
. Textural parameters derived from the nitrogen adsorption-desorption isotherm data are summarized in Table 1. Based on Table 1 , it can be concluded that the HQ-8 resin contains a well-developed pore structure and mesopores play a predominant role. The majority of mesopores volume was about 99.44% of the total pore volume, and the mesopore area contributed 75.73% to the total surface area. Besides, when the resin adsorbed the ASL, the textural parameters, such as BET surface area, mesopore area, macropore area, total pore volume, mesopore volume and macropore volume, is obviously decreasing. 
Effect of the initial solution pH on the sorption
The pH of the initial solution is an important parameter in the adsorption process. In this work, the acid hydrolysate was strongly acidic (pH1) and in order to avoid consuming lots of alkali, the pH was controlled from 1 to 7. Effect of solution pH on the ASL adsorption capacity is presented in Fig. 3 . It showed that the ASL adsorption capacity decreased as the pH value increased. When the pH increased from 1 to 7, the ASL adsorption capacity decreased from 66 mg g À1 to 49 mg g À1 . It
seemed that HQ-8 resin could adsorb ASL of the rice straw hydrolysate more efficiently under acidic condition. The most of ASL in the hydrolysate are phenolic compounds of low molar mass. 29 It is inferred that the phenolic compounds had stronger affinity with HQ-8 resin in the acidic solution. It may be attributed to the fact that as the pH value increased, the amount of forming the negative ionic form of phenol is increase.
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Therefore, all the following experiments were carried out at the initial pH.
Effect of adsorbent dose on the extent of removal of ASL
The selectivity of HQ-8 resin between ASL and sugars is a signicantly important parameter in the detoxication process. Selectivity coefficient (b ASL/sugar ) was computed using eqn (3) in order to evaluate the selectivity of HQ-8 resin for ASL compared to sugars.
Where D ASL and D sugar are the distribution coefficients of ASL and sugars, respectively, which can be expressed as:
The competitive adsorption of ASL in rice straw hydrolysate containing D-xylose, L-arabinose and D-glucose in addition to ASL was examined. The selectivity parameters including distribution and selectivity coefficients are shown in Table 2 . As can be seen, the HQ-8 resin exhibits a high distribution coefficient with respect to D-xylose, L-arabinose, D-glucose and total sugar, which indicates the ASL had stronger affinity with HQ-8 resin. Moreover, the selectivity coefficient greater than 1 for each sugar, revealed the high adsorption selectivity between ASL and sugar. It is attributed to the hydrophobic interaction between cross-linked benzene ring of HQ-8 resin and the aromatic ring of ASL.
The effect of adsorbent dose in the range of 0.5-5.0 g on removal of ASL and sugar loss was studied. As shown in Fig. 4 , it Fig. 3 Effect of pH on the adsorption of ASL on HQ-8 resin. was apparent from the results that the extent of ASL adsorption efficiency increased by increasing the resin amount. This phenomenon was probably due to the fact that the number of available adsorption sites increases with an increase in the resin dose, resulting in an increase in removal efficiency. However, the total sugar lost also increased by increasing the resin amount. Comprehensive consider of the ASL adsorption efficiency and the total sugar loss, 1.0 g dry resin was selected as the most suitable adsorbent dosage in the following experiments.
Adsorption isotherms
Adsorption isotherm plays a signicant role in understanding how adsorbate interacts with adsorbents in the adsorption process. In this study, three commonly used isotherm models, namely Langmuir, Freundlich, and Temkin, were applied to analyze the equilibrium data of sorption of ASL onto HQ-8 resin at 288 to 318 K. The Langmuir isotherm supposes that a monolayer adsorption occurs onto a special surface containing a nite number of binding sites of uniform strategies of adsorption with no interactions between the molecules adsorbed neither is transmigration on the surface of adsorbent. 33 The linear Langmuir equation is given by:
Furthermore, the characteristic parameter of the Langmuir isotherm can be expressed by a dimensionless equilibrium parameter R L , also known as separation factor dened by Weber and Chakravorti:
The value R L gives an indication of the type of the isotherm and the nature of the adsorption process. It indicates whether the adsorption nature is either unfavorable (
Different from Langmuir isotherm model, the Freundlich isotherm model is an empirical expression, which is based on the assumption that a multilayer adsorption takes place at the heterogeneous surface and considering the interactions between the adsorbed molecules. 35 The logarithmic form of Freundlich isotherm model can be expressed as:
K F and n are the Freundlich constants that can be related to adsorption capacity and adsorption strength, respectively. The n value gives an indication of the favorability of the adsorption process. A value of 1/n < 1 indicates a favorable adsorption, while 1/n > 1 indicates a cooperative adsorption.
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The Temkin model assumes that a linear decrease in the energy of adsorption with surface coverage and considering the interaction between adsorbate and adsorbent. 37 The Temkin isotherm model is dened as:
The Langmuir, Freundlich and Temkin equations were used for curve tting by Origin 8.5, and the parameters of the three equations were summarized and listed in Table 3 . By comparing the correlation coefficient (R 2 ), the Freundlich isotherm model gives the best t for the adsorption of ASL onto HQ-8 resin. All 1/ n values obtained from the Freundlich isotherm mode at different temperatures less than 1, indicating the adsorption was favorable. As seen from Table 3 , the calculated R L values at all three temperatures were between 0 and 1, indicating the adsorption of ASL onto HQ-8 resin was favorable. However, the 2 ) is an indication that it is not only a monolayer adsorption and the equilibrium isotherms cannot be described by Langmuir model. It can also be observed from Table 3 that the experimental data are not well tted to the Temkin isotherm model. It can be explained that the interaction between adsorbate and adsorbent, and the adsorption process is simply a function of surface coverage.
Thermodynamic studies
The thermodynamic parameters DG (standard free energy), DH (enthalpy change) and DS (entropy change) were calculated to determine the inherent energy change of adsorbent aer adsorption and the mechanism involved in adsorption process. The thermodynamic parameters of DH and DS can be obtained respectively from the slope and intercept of ln K C versus 1/T in Fig. 6(A) , by using the linear Van's Hoff equation:
The DG was calculated by the follow equation:
As is shown in Table 4 , DG was negative value, indicating that the adsorption process was spontaneous at all temperatures. Furthermore, the increase in DG value with increasing temperature indicates that adsorption of ASL onto HQ-8 resin becomes favorable at a lower temperature. The negative value of DH indicates that the sorption process of ASL on HQ-8 resin was exothermic in nature. 25 The adsorption capacity of ASL onto HQ-8 resin decreased with increasing of temperature. In addition, the absolute values less than 20 kJ mol À1 implied that the adsorption was a physical process. 39 The negative value of DS showed that more ordered arrangement of ASL was shaped on HQ-8 resin surface aer adsorption.
3.6. Kinetics studies 3.6.1 Effect of solution temperature on ASL adsorption. Effect of solution temperature on the ASL adsorption capacity is shown in Fig. 7(A) , the adsorption capacity of ASL onto HQ-8 resin was found to decrease slightly with the increase in solution temperature from 288 K to 318 K, indicating the exothermic nature of the sorption reaction. This result consistent with the adsorption equilibrium results (Fig. 5(A-C) ) and the adsorption thermodynamic analysis discussed above. The equilibrium time decreased from 50 to 10 min Table 4 Thermodynamic parameters for the sorption of ASL onto HQ-8 resin at different temperatures with increasing temperature from 288 to 318 K. These results probably due to the increase in diffusion rate of ASL with increasing temperature. Besides, the adsorption rate of ASL onto HQ-8 resin was fast in the rst stages of the contact period at all experiment temperature, and then it became slower near the equilibrium. It may be attributed to the fact that as the contact time increased, the adsorption sites were obtained will became more difficult due to repulsive forces between the solute molecules on the solid and bulk phases. 3.6.2 Effect of initial concentration on ASL adsorption. The effect of initial ASL concentration on the adsorption time and adsorption rate was investigated. As shown in Fig. 7(B) , the sorption capacity of at equilibrium increase from 15 to 64 mg g À1 with initial concentration from 0.83 to 4.10 g L À1 . This phenomenon may be explained by the saturation of accessibleadsorbent sites of adsorbents. The equilibrium time decreased from 40 to 20 min when increasing ASL initial concentration from 0.83 to 4.10 g L À1 at 298 K. This was attributed to the fact that the mass transfer driving force increased with increasing initial concentration, which caused faster equilibrium.
Adsorption kinetics.
The adsorption kinetics is useful to determine the rate of the adsorption and examine the controlling mechanism of the adsorption process. In this work, the Lagergren's pseudo rst-order and pseudo second-order models were adopted to investigate the adsorption kinetic behavior of ASL onto HQ-8 resin.
The equation for Lagergren's pseudo-rst order kinetics is presented as follows:
The values of k 1 and adsorption capacity q e are computed from the plots of ln(q e À q t ) versus t (Fig. 8(A) and 9(A) ) and showed in Table 5 . Comparing the experimental obtained equilibrium adsorption (q e,exp ) with the calculated results (q e,cal ), it is obvious that there is no agreement between the values. The correlation coefficients (R 2 ) for the rst model show poor linearity. Therefore, the adsorption deviates from the Lagergren's pseudo-rst model. The pseudo-second-order kinetic model is expressed as follows:
k 2 is the pseudo-rst-order rate constant for the sorption is obtained by a plot of t/q t against t (Fig. 8 (A) and 9(A)). It can be observed from Table 5 that the values of the correlation coefficients (R 2 > 0.99) for all the operating condition indicate that the adsorption process follows pseudo-second order kinetic model. Meanwhile, this conclusion is also supported by the comparisons between the experimental results (q e,exp ) and model predictions (q e,cal ).
To better understand the adsorption mechanism of ASL onto HQ-8 resin, the rate limiting step was estimated by the Weber and Morris intraparticle diffusion model. 42, 43 The linear form of this equation is:
Adsorption kinetics may be controlled by the rate limiting step of the process and the adsorption mechanism. Generally, if the plot of q t versus t 0.5 yields a straight line, the adsorption process is controlled by intra-particle diffusion; and if the data exhibit multi-linear plot, the adsorption process is inuenced by two or more stages.
44 Fig. 8 (C) and 9(C) show that the plot of q t versus t 0.5 is multi-linear. Clearly, there are three linear portions to explain the adsorption stages, the rst stage is attributed to the instantaneous adsorption or external surface adsorption, the second to intraparticle diffusion and the third portion referred to the nal equilibrium stage for which the intraparticle diffusion started to slow down due to the extremely low adsorbate concentration le in the solution.
45 Fig. 8 (C) and 9(C) also showed the linear lines of the second and the third stages did not pass through the origin, indicating that intraparticle diffusion is not the only rate-limiting.
46,47 The intraparticle diffusion constant values are shown in Table 5 . 
Adsorption activation energy
The activation energy of adsorption, E a (kJ mol À1 ), is calculated from the second order rate constant (k 2 ) obtained from the pseudo-second order kinetic model using the Arrhenius equation:
The apparent activation energy E a gives an indication of the type of the adsorption process, physical or chemical. The
Arrhenius plot of ln k 2 versus 1/T for the sorption of ASL on the resin is presented in Fig. 6(B) . The calculated activation energy E a was 35.99 kJ mol À1 (ranging between 5 and 40 kJ mol
À1
), revealing physical nature of the adsorption process.
48,49
This nding was consistent with the thermodynamic results.
Reusability
The regeneration and reuse of the resin is signicance in term of economic cost. It was found that the HQ-8 resin could be well desorbed by 95% ethanol at room temperature. Fig. 10 shows the ASL adsorption capacity in ve adsorption-desorption cycles. It can be seen that the resin exhibited good reusability with almost Fig. 9 Pseudo-first-order (A), pseudo-second-order (B), and intraparticle diffusion (C) kinetic models for batch sorption of ASL by HQ-8 resin at different initial concentrations. stable efficiency, indicating that HQ-8 resin is a promising valuable adsorbent to remove ASL from the lignocellulose hydrolysate.
Conclusion
In the present investigation, a macro/mesoporous resin, HQ-8, was evaluated as a novel adsorbent with high adsorption capacity for removal of ASL. The study of inuence of solution pH indicated that the HQ-8 resin exhibited better adsorption performance under acidic conditions. The maximum adsorption amount of ASL onto HQ-8 resin was achieved to 64.61 mg g À1 at a pH of 1 at 298 K. The resin dose inversely affected the adsorption capacity of ASL onto HQ-8 resin, whereas the adsorption capacity increased with increasing initial ASL concentration. Within the studied range of ASL concentrations, the adsorption equilibrium was found to follow the Freundlich isotherm model well, with R 2 > 0.988. The adsorption of ASL onto HQ-8 resin reached equilibrium in a short contact time (within 50 min), resulting in fast and efficient ASL removal, which would be benecial for practical purposes. The regression results revealed that the rate of the ASL adsorption process was found to conform accurately to the pseudo-second-order kinetic model. 
